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The radical pair reaction underlies the magnetic field sensitivity of chemical reactions and is
suggested to play an important role in both chemistry and biology. Current experimental evidence
is based on ensemble measurements, however, the ability to probe the radical pair reaction at the
single molecule level would provide valuable information concerning its role in important biological
processes. Here, we propose a scheme to detect the charge recombination rate in a radical pair
reaction under ambient conditions by using single nitrogen-vacancy center spin in diamond. We
demonstrate theoretically that it is possible to detect the effect of the geomagnetic field on the
radical pair reaction and propose the present scheme as a possible hybrid model chemical compass.
PACS numbers: 03.65.Yz, 03.67.-a, 82.30.-b, 61.72.jn
Introduction.— Radicals are frequently involved in
chemical reactions, and play a crucial role in biological
processes such as cell function, magnetic sensing and dis-
eases [1–6]. The available methods to measure the prop-
erties of reactions involving radicals include electron spin
resonance [7], nuclear magnetic resonance [8] and high
performance liquid chromatography [9]. These methods
require large ensembles to derive a detectable signal and
can therefore only provide average information about the
reaction. Detection techniques at single-molecule level
would provide unparalleled access to individual reactions
and their pathways providing information that is hid-
den in the ensemble average. An important potential
target for single molecule studies is the magnetic field
dependent radical pair reaction that provides one plau-
sible mechanism for biological magnetoreception [3–5].
The direct observation of the reaction kinetics at single-
molecule level would provide unambiguous insights into
the involved quantum coherent spin dynamics and its
non-trivial role in bio-magnetic sensing [3, 10, 12–14].
Recently, high-sensitivity nanoscale sensors based on
nitrogen-vacancy (NV) center spin in diamond have been
actively pursued [15, 16]. The nitrogen-vacancy center
spin has superior quantum properties, including long spin
coherence time under ambient conditions, non-bleach
photoluminescence, and high sensitivity to external sig-
nals. These properties make the single nitrogen-vacancy
center spin sensor an appealing and promising candidate
for quantum sensing of various physical parameters, such
as magnetic field [17–19], electric field [20, 21], single elec-
tron and nuclear spin [22–28], and temperature [29–31].
Moreover, the biocompatibility and chemical inertness
make it feasible to perform sensitive measurement in bi-
ological systems. These properties make the NV center
spin sensor a promising candidate to detect the radical
pair reaction with the potential to open up a new way to
study its implications in chemistry and biology.
In this work, we propose a method for using a single
NV center spin sensor to detect charge separation and
measure the charge recombination rate of the radical pair
at the single molecule level under ambient conditions.
The present approach works for the scenario of radical
pair reaction with fixed radical-radical distance and non-
zero electric dipole, e.g. formed by electron transfer from
one uncharged molecule to another uncharged molecule
and with no change in the protonation state. For simplic-
ity, we assume that the depth of the NV centre is above
5nm so that it is sufficiently far away from the radical
pair to render the influence of the spin-spin (exchange or
dipolar) coupling between them on the spin dynamics in
both the radical pair and the NV centre negligible. The
formation of the radical pair induces an electric dipole
which affects the energy levels of the NV center electron
spin and can be used to monitor the event of charge sep-
aration and recombination. This provides the possibil-
ity to extract information on the reaction kinetics, such
as the charge recombination rate, by measuring the dy-
namic evolution of an NV center spin sensor. By careful
analysis, we estimate that the measurement sensitivity
of the charge recombination rate can achieve ηop = 0.54
kHz Hz−
1
2 using a single NV center at a depth of 5nm.
We demonstrate that this sensitivity is sufficient to de-
tect the response of a radical pair to the orientation of
the geomagnetic field, owing to the anisotropic behav-
ior of the effective charge recombination rate. Such a
hybrid system may help to construct a model chemical
compass [32] working for geomagnetic field. The exten-
sion to nanodiamond spin sensor may provide a possible
tool to detect the radicals e.g. in living cells [29, 33].
Single-molecule radical pair reaction sensing.— Rad-
ical pairs are involved in many chemical and biological
processes. Each radical has an unpaired electron that
is coupled with its surrounding nuclei and an external
magnetic field ~B (if applied) via the Hamiltonian [34]
HRP = geµB
∑
k
~B · ~Sk +
∑
k,i
~Sk ·Aki · ~Iki , (1)
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2Figure 1. (Color online) Single-molecule radical pair reaction
sensing using single spin in diamond. (a) shows a unit cell of
diamond containing a nitrogen-vacancy center. The nitrogen
(N)–vacancy (V) pair orientates along the zˆ axis that is the
trigonal symmetry axis of the center, and three mirror planes
are shown in green and red (the plane that contains the xˆ
axis is in red). (b) The interaction between the NV center
spin and the radical pair arises from the electric dipole of the
radical pair in the charge separated state.
where ~Sk(k = 1, 2) are the spin operators for two radi-
cals, ~Iki is the spin operator for nucleus i, and A
k
i is the
corresponding hyperfine interaction tensor, ge is the elec-
tron g factor, µB is the Bohr magneton. For simplicity,
the dipole-dipole and exchange interaction between two
radicals are neglected, which is valid when the radical-
radical distance is sufficiently large [35].
Usually, the two unpaired radical electrons are formed
upon excitation by light in a spin entangled state, i.e.,
they begin either in a singlet |s〉 or triplet state |ti〉
(i = 0,+,−). To avoid the influence of light required
to prepare and read out the NV center’s spin state on
the radical pair, typically achieved by a 532nm laser,
it is preferable to choose radical pair that is sensitive
to light of a different wavelength. It is important to
note that the subsequent reaction channels are spin state
dependent. Therefore, an external magnetic field can
affect the chemical reaction product, which hus forms
the basis of a magnetic chemical compass [2–5]. The
spin-selective recombination into the singlet and triplet
product states can be described by the superoperators
Du(ρ) = 2LuρL†u − L†uLuρ − ρL†uLu, with u = s, t0, t±
representing the singlet and triplet recombination chan-
nels. The Lindblad operators are Ls = |s,G〉 〈s, E|, L0 =
|t0, G〉 〈t0, E|, L− = |t−, G〉 〈t−, E|, L+ = |t+, G〉 〈t+, E|,
|E〉 and |G〉 indicate that the radical pair is in the charge
separated and recombined state. Thus the radical pair’s
dynamics can be described by ρ˙RP = −i [HRP , ρRP ] +∑
u kuDu(ρRP )/2, where ku are the chemical reaction
rates for different spin states. This master equation is
equivalent to the conventional phenomenological master
equation [36, 37], and allows us to generalize to the sce-
nario of interaction with an NV center spin.
If the radical pair is in the charge separated state |E〉,
the two electrons are unpaired, which form an electric
dipole due to their spatial separation and produce a non-
zero electric field acting on an NV center spin. While the
radical pair is in the charge recombined state |G〉, the
two electrons are paired, the electric field vanishes. Our
scheme is based on the response of an NV center spin
to an external electric field as produced by the radical
pair. The ground state manifold of a NV center is spin-1
triplet with a zero-field energy splitting of D/(2pi) ≈ 2.87
GHz between its ms = ±1 and ms = 0 sub-levels at
room temperature. The dynamics of an NV center spin
is governed by the following Hamiltonian [21, 38] as
HNV = (D + k‖Ez)(S2z − 2/3) + geµB ~B · ~S
−k⊥Ex(S2x − S2y) + k⊥Ey(SxSy + SySx), (2)
where ~S are the NV center spin operator, ~B and ~E are
the magnetic and electric field respectively, k‖/(2pi) =
0.0035(2) Hz m/V and k⊥/(2pi) = 0.17(3) Hz m/V are
the electric susceptibility parameters along the direction
that is in parallel and perpendicular to the NV axis [39].
We denote zˆ axis as the NV axis and xˆ axis as the axis
lying in the NV center’s mirror planes, see Fig.1(a).
As an example, we consider a 〈001〉 surface diamond
crystal, and a shallow implanted NV center, e.g. at
a depth of d1 around 5 nm from the diamond surface
[25], the axis of which is aligned along the [111] crystal
axis. To facilitate the coherent rotation between |+1〉
and |−1〉, it requires k⊥E⊥ ≥ gµBBz, thus we apply a
weak magnetic field ~B = B0(sin θ cosϕ, sin θ sinϕ, cos θ)
that is perpendicular to the NV axis, i.e., θ = pi2 . The
magnetic field would affect the spin dynamics of the rad-
ical pair reaction as we tune its direction around the NV
axis. In our protocol, we initially prepare the NV cen-
ter spin in the state |1〉 ≡ |ms = +1〉, which may be
achieved either via frequency selection of the transition
|0〉 → |1〉 or, especially in small magnetic fields, via ap-
plication of a circularly polarized microwave field [40, 41].
The radical pair is assumed to be created in the singlet
state |s〉 as excited by a short laser pulse, and the rele-
vant nuclear spins interacting with the radicals are in the
thermal equilibrium state, which is described by a den-
sity matrix as
⊗
j Ij/dj (j indicates the j-th nucleus and
dj is the dimension of the corresponding Hilbert space)
under ambient conditions. For simplicity, we polarize the
14N nuclear spin of an NV center to the state |0〉 so that
its hyperfine interaction with the NV center spin is ef-
fectively eliminated. We remark that the polarization of
14N nuclear spin using an NV center has been achieved
in several experiments, see e.g. [42, 43]. The initial state
of the total system of the NV center spin and the radical
pair is thus written as follows
ρ(0) = |1〉 〈1| ⊗ |s〉 〈s| ⊗
⊗
j
Ij
dj
⊗ |E〉 〈E| . (3)
The dynamics of the total system can be described by
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Figure 2. (Color online) Quantum sensing of single-molecule radical pair reaction of Flavin radical (FH•−) and tryptophan
radical (W•+). (a) The probability P (t) that the NV center spin is in the state |1〉 as a function of the evolution time t.
The red dashed line is analytic result and the green one is obtained from numerical simulation. (b) The sensitivity for the
measurement of the charge recombination rate k as a function of the interrogation time T . The best sensitivity ηop = 0.54 kHz
Hz−
1
2 is achieved with T = 0.46µs. (c) and (d) show the probabilities that the radical pair remains in the charge separated
state |E〉 and the NV center is in the state |1〉 respectively as a function of the evolution time t. The Green lines are the results
of ks = kt = keff, the purple dashed lines are that of ks and kt with different values. The parameters are B0 = 0.05 mT,
θ = pi
2
, ϕ = 2.0, ks = 0.02 MHz, kt = 0.2 MHz, and k = keff = 0.1425 MHz. For simplicity, we consider H
6 with the dominant
anisotropic hyperfine in the FH•− radical [51]. The radical pair molecule is d2 = 2 nm apart as located on the diamond crystal
surface with a horizontal distance about d3 = 4 nm from the NV center, and the depth of the NV center is d1 = 5 nm, see Fig.
1(a) and (b).
the following Lindblad-type quantum master equation
ρ˙ = −i [H, ρ] + ks
2
{
2LsρL
†
s − L†sLsρ− ρL†sLs
}
+
kt
2
∑
i=t0,t±
{
2LiρL
†
i − L†iLiρ− ρL†iLi
}
, (4)
with the total Hamiltonian as
H = (HNV +HRP )⊗|E〉 〈E|+HNV |E=0⊗|G〉 〈G| , (5)
where HNV |E=0 represents the Hamiltonian of the NV
center spin as in Eq.(2) with a zero electric field.
The signal that we measure from the NV center spin
sensor is the population of state |1〉 after an evolution of
time T . To demonstrate the basic idea, we start from
the simple case of ks = kt ≡ k. The signal P (t) is solved
analytically from the master equation as in Eq.(4). After
tracing out the degrees of freedom of the radical pair, we
obtain the following two differential equations for the NV
center spin reduced state operator corresponding to the
subspace of PE = |E〉 〈E| and PG = |G〉 〈G| as{
ρ˙E = −i[HE , ρE ]− kρE
ρ˙G = −i[HG, ρG] + kρE , (6)
where HE = HNV + HRP , HG = HNV |E=0, ρE =
TrRP (PEρPE), ρG = TrRP (PGρPG) and their initial
conditions are ρE(0) = |1〉 〈1| and ρG(0) = 0. We find
the solution of ρE as follows
ρE(t) = e
−iHEtρE(0)eiHEte−kt. (7)
In the present scenario, we consider a weak external
magnetic field (for example geomagnetic field), namely
geµBB0  D, and in addition k  k⊥E⊥, which can be
satisfied for a shallow implanted NV center [44]. The sig-
nal P (t) can be separated into two parts of contribution
PE(t) = Tr [ρE(t) |1〉 〈1|] and PG(t) ' k
∫ t
0
PE(τ)dτ as
follows [45]
PE(t) ' 1 + cos(Ωt)
2
e−kt, PG(t) ' 1− e
−kt
2
, (8)
where Ω ' 2k⊥E⊥ is the Rabi frequency due to the elec-
tric field produced by the radical pair. Therefore, the
signal of the NV center spin sensor is given by
P (t) = PE(t) + PG(t) ' 1 + cos(Ωt)e
−kt
2
. (9)
We compare the above analytic result with the exact nu-
merical simulation in Fig.2(a) which shows good agree-
ment. It can be seen that the signal oscillates with a
decaying envelop at a rate that equals to the charge re-
combination rate of the radical pair reaction. Therefore,
the signal from the NV center spin sensor allows us to
extract the relevant information. The measurement sen-
sitivity for the estimation of the charge recombination
rate k from the signal P (t) is given by [52]
η =
∆P (T )
|∂P (T )/∂k|
√
T , (10)
where ∆P (T ) is the shot noise limited measurement un-
certainty, and T is the interrogation time. The result is
shown in Fig.2(b), from which the best achievable sen-
sitivity is estimated to be ηop ' 0.54 kHz Hz− 12 with
T ' pi/Ω = 0.46µs using realistic parameters for the NV
center. Note that it is preferable to have the applied
magnetic field is perpendicular to the NV axis, as was
4assumed in our scheme. The effect of the transverse com-
ponent of the magnetic field can be cancelled using de-
coupling pulses (see Supplementary Information), which
has been well developed for NV centers.
For the general case of ks 6= kt, according to the prob-
ability that the radical pair remains in the charge sep-
arated state |E〉, denoted as PE(t), we find that it is
possible to fit an effective charge recombination rate keff
such that PE(t) ' exp(−kefft), see e.g. Fig.2(c). It can
be seen from Fig.2(c) and (d) that the fitted value of keff
lead to almost the same signal of the NV center spin sen-
sor P (t) as the real spin-selective rate parameters ks and
kt. Our proposal thus offers a way to determine the ef-
fective charge recombination rate in such scenarios. The
difference between ks and kt leads to the magnetic field
response of the radical pair reaction. In particular, the
orientation of the magnetic field would affect the radical
pair lifetime, namely the effective charge recombination
rate keff. As an example, it can be seen that a mag-
netic field as weak as the geomagnetic field would cause
about 10% change in the effective charge recombination
rate of a radical pair reaction of Flavin radical (FH•−)
and tryptophan radical (W•+), see Fig.S1 in Supplemen-
tary Information, which lies well within the measurement
sensitivity achievable by the single NV center spin sen-
sor. This makes it feasible to demonstrate the working
principle of a chemical compass based on radical pair
mechanism at single-molecule level. It is important to
note that in the present scheme, the best achievable sen-
sitivity (to the effective reaction rate) is not equivalent
to the best achievable sensitivity to the magnetic field,
and is hardly dependent on the multinuclear condition
where radical pair interacts with more than one nucleus.
On the other hand, the change in the effective charge
recombination rate indeed is dependent on the number
and species of nuclear spins in the radical pair. If such a
change is larger than the best achievable sensitivity, then
it is possible to detect the magnetic field effect on the
radical pair.
Analysis of noise effect.— For an NV center spin in
diamond, the main effect of magnetic field noise is de-
phasing. To demonstrate the achievable measurement
sensitivity when taking into account realistic noise lev-
els, without loss of generality, we describe noise as pure
dephasing by the Lindblad operator Ld = √γSz, where
γ is the dephasing rate, Sz is the zˆ-component of the NV
center spin operator. The dynamics of the total system
of the NV center and the radical pair can be described
by the following master equation
ρ˙ = right-hand side of Eq.(4)
+γ
{
SzρSz − 1
2
SzSzρ− 1
2
ρSzSz
}
. (11)
Under the additional assumption that γ  k⊥E⊥,
and considering ~B that is perpendicular to the NV
axis, we get the analytical solutions of PE(t) '
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Figure 3. (Color online) Noise effect on the measurement sen-
sitivity. (a) The probability that the NV center spin sensor
is in the state |1〉 evolves with time t in a dephasing environ-
ment with a dephasing rate γ = 0.5 MHz. The red dashed
line is the analytical result as compared with the numerical
simulation (green). (b) The influence of the dephasing rate γ
on the best achievable sensitivity ηop and the optimal inter-
rogation time Top. The parameters are B0 = 0.05 mT, θ =
pi
2
,
ϕ = 2.0 and k = keff = 0.1425 MHz. The location of the NV
center and the radical pair molecule is the same as Fig.2.
[1 + e−γt cos(Ωt)] e−kt/2, PG(t) ' (1− e−kt) /2 [45].
Thus, the signal of the NV center spin sensor is written
as
P (t) = PE(t) + PG(t) ' 1 + cos(Ωt)e
−(k+γ)t
2
. (12)
The above analytical result agrees well with the numer-
ical calculation, see Fig.3(a). The optimal sensitivity
for the measurement of the charge recombination rate
is achieved with the interrogation time T ' pi/Ω (see
Fig.S2 in Supplementary Information), which is almost
independent on the dephasing rate as shown in Fig.3(b).
Our result shows that the dephasing will reduce the mea-
surement sensitivity to some extent but remains insignif-
icant as long as the recombination rate of the radical pair
limits observation time rather than the NV decoherence
rate. Hence, the achievable sensitivity (e.g. under the
influence of dephasing with a rate γ = 2MHz), is still
sufficient to detect the effect of geomagnetic field orien-
tation on a single-molecule radical pair reaction. We re-
mark that the electric noise may also leads to an effective
dephasing rate <∼ 1MHz [53, 54] for a shallow NV center.
Such an effect will reduce the sensitivity, see Fig.3(b),
but would not affect the feasibility of the present scheme.
The present scheme works well for keff within a certain
range determined by Ω and γ, in particular it shall work
for the typical value of 1/keff ∼ 1µs [55] with a relatively
high sensitivity (∼ 1.53 kHz Hz−1/2).
Conclusion.— In summary, we propose a platform for
the investigation of radical pair reactions at the single-
molecule level under ambient conditions using a quan-
tum spin sensor in diamond. The present scheme offers
a highly sensitive way to measure the charge recombi-
nation rate of a radical pair reaction. With a detailed
analysis, we show that the achievable sensitivity is suf-
ficient to detect the effect of a magnetic field as weak
5as geomagnetic field on the radical pair reaction dynam-
ics. The proposed platform provides a potential route
towards the study of single-molecule spin chemistry and
quantum coherent spin dynamics in radical pair reaction.
The figure of merit of single-molecule measurement al-
lows the unambiguous identification of the relation be-
tween the properties of the radical pair molecule and the
function of a chemical compass, and therefore makes it
possible to explore the role of quantum coherence and en-
tanglement in bio magnetic sensing. The hybrid design,
when extended to an ensemble of NV centers and radical
pair molecules, can serve as an interesting construction to
demonstration the principle of model chemical compass.
Acknowledgements.— We thank Prof. Ren-Bao Liu
for helpful discussions and suggestions. J.-M.C is sup-
ported by the National Natural Science Foundation of
China (Grant No.11574103, 11690030, 11690032), the
National Young 1000 Talents Plan. H.-B. Liu is sup-
ported by China Postdoctoral Science Foundation Grant
(Grant No. 2016M602274). M.B.P. is supported by the
ERC Synergy grant BioQ (Grant No. 319130).
∗ jianmingcai@hust.edu.cn
[1] W. Dro¨ge, Physiol. Rev. 82, 47 (2002).
[2] S. Johnsen and K. J. Lohmann, Nat. Rev. Neurosci. 6, 703
(2005).
[3] K. Schulten, C. E. Swenberg, and A. Weller, Z. Phys.
Chem. 111, 1 (1978).
[4] T. Ritz, S. Adem, and K. Schulten, Biophys. J. 78, 707
(2000).
[5] C. T. Rodgers and P. J. Hore, Proc. Natl. Acad. Sci.
U.S.A. 106, 353 (2009).
[6] B. Halliwell and J. Gutteridge, Free Radicals in Biology
and Medicine, (Oxford University Press, 2015).
[7] T. Fukuda, T. Terauchi, A. Goto, K. Ohno, Y. Tsujii, T.
Miyamoto, S. Kobatake, and B. Yamada, Macromolecules
29, 6393 (1996).
[8] C. J. Hawker, G. G. Barclay, A. Orellana, J. Dao, and W.
Devonport, Macromolecules 29, 5245 (1996).
[9] H. Zhao, J. Joseph, H. M. Fales, E. A. Sokoloski, R. L.
Levine, J. Vasquez-Vivar, and B. Kalyanaraman, Proc.
Natl. Acad. Sci. U.S.A. 102, 5727 (2005).
[10] J. Cai, G. G. Guerreschi, and H. J. Briegel, Phys. Rev.
Lett. 104, 220502 (2010).
[11] E. M. Gauger, E. Rieper, J. J. L. Morton, S. C. Benjamin,
and V. Vedral, Phys. Rev. Lett. 106, 040503 (2011).
[12] C. Y. Cai, Q. Ai, H. T. Quan, and C. P. Sun, Phys. Rev.
A 85, 022315 (2012).
[13] H. J. Hogben, T. Biskup, and P. J. Hore, Phys. Rev. Lett.
109, 220501 (2012).
[14] J. Cai and M. B. Plenio, Phys. Rev. Lett. 111, 230503
(2013).
[15] R. Schirhagl, K. Chang, M. Loretz, and C. L. Degen,
Annu. Rev. Phys. Chem. 65, 83-105 (2014).
[16] Y. Wu, F. Jelezko, M.B. Plenio and T. Weil, Angew.
Chem. Intl, Ed. 55, 6586 - 6598 (2016).
[17] J. R. Maze, P. L. Stanwix, J. S. Hodges, S. Hong, J.
M. Taylor, P. Cappellaro, L. Jiang, M. V. G. Dutt, E.
Togan, A. S. Zibrov, A. Yacoby, R. L. Walsworth, and M.
D. Lukin, Nature (London) 455, 644 (2008).
[18] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-
Hmoud, J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hem-
mer, A. Krueger, T. Hanke, A. Leitenstorfer, R. Brats-
chitsch, F. Jelezko, and J. Wrachtrup, Nature (London)
455, 648 (2008).
[19] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D.
Budker, P. R. Hemmer, A. Yacoby, R. Walsworth, and M.
D. Lukin, Nature Phys. 4, 810 (2008).
[20] F. Dolde, H. Fedder, M. W. Doherty, T. Nobauer, F.
Rempp, G. Balasubramanian, T. Wolf, F. Reinhard, L. C.
L. Hollenberg, F. Jelezko, and J. Wrachtrup, Nature Phys.
7, 459 (2011).
[21] F. Dolde, M. W. Doherty, J. Michl, I. Jakobi, B. Nay-
denov, S. Pezzagna, J. Meijer, P. Neumann, F. Jelezko,
N. B. Manson, and J. Wrachtrup, Phys. Rev. Lett. 112,
097603 (2014).
[22] N. Zhao, J.-L. Hu, S.-W. Ho, T.-K. Wen, R. B. Liu, Na-
ture Nanotechnology 6, 242-246 (2011).
[23] M. S. Grinolds, S. Hong, P. Maletinsky, L. Luan, M. D.
Lukin, R. L. Walsworth, and A. Yacoby, Nature Phys. 9,
215 (2013).
[24] A. Cooper, E. Magesan, H. Yum, P. Cappellaro, Nat.
Commun. 5, 3141 (2014).
[25] C. Mu¨ller, X. Kong, J. M. Cai, K. Melentijevic, A. Stacey,
M. Markham, D. Twitchen, J. Isoya, S. Pezzagna, J. Mei-
jer, J. F. Du, M. B. Plenio, B. Naydenov, L. P. McGuin-
ness, and F. Jelezko, Nat. Commun. 5, 4703 (2014).
[26] F. Shi, Q. Zhang, P. Wang, H. Sun, J. Wang, X. Rong,
M. Chen, C. Ju, F. Reinhard, H. Chen, J. Wrachtrup, J.
Wang, and J. Du, Science 347, 1135 (2015).
[27] S. J. DeVience, L. M. Pham, I. Lovchinsky, A. O.
Sushkov, N. Bar-Gill, C. Belthangady, F. Casola, M. Cor-
bett, H. Zhang, M. Lukin, H. Park, A. Yacoby, and R. L.
Walsworth, Nature Nanotechnology 10, 129 (2015).
[28] J. M. Boss, K. Chang, J. Armijo, K. Cujia, T. Rosskopf,
J. R. Maze, C. L. Degen, Phys. Rev. Lett. 116, 197601
(2016).
[29] G. Kucsko, P. C. Maurer, N. Y. Yao, M. Kubo, H. J. Noh,
P. K. Lo, H. Park, and M. D. Lukin, Nature (London) 500,
54 (2013).
[30] D. M. Toyli, C. F. de las Casas, D. J. Christle, V. V.
Dobrovitski, and D. D. Awschalom, Proc. Natl. Acad. Sci.
U.S.A. 110, 8417 (2013).
[31] P. Neumann, I. Jakobi, F. Dolde, C. Burk, R. Reuter, G.
Waldherr, J. Honert, T. Wolf, A. Brunner, J. H. Shim, D.
Suter, H. Sumiya, J. Isoya, and J. Wrachtrup, Nano Lett.
13, 2738 (2013).
[32] K. Maeda, K. B. Henbest, F. Cintolesi, I. Kuprov, C. T.
Rodgers, P. A. Liddell, D. Gust, C. R. Timmel, P. J. Hore,
Nature 453, 387-390 (2008).
[33] L. P. McGuinness, Y. Yan, A. Stacey, D. A. Simpson,
L. T. Hall, D. Maclaurin, S. Prawer, P. Mulvaney, J.
Wrachtrup, F. Caruso, R. E. Scholten, L. C. L. Hollen-
berg, Nature Nanotechnology 6, 358 (2011).
[34] U. E. Steiner and T. Ulrich, Chem. Rev. 89, 51 (1989).
[35] O. Efimova and P. J. Hore, Biophys. J. 94, 1565 (2008).
[36] J. A. Jones and P. J. Hore, Chem. Phys. Lett. 488, 90
(2010).
[37] I. K. Kominis, Phys. Rev. E 80, 056115 (2009).
[38] M. W. Doherty, F. Dolde, H. Fedder, F. Jelezko, J.
Wrachtrup, N. B. Manson, and L. C. L. Hollenberg, Phys.
6Rev. B 85, 205203 (2012).
[39] E. Van Oort and M. Glasbeek, Chem. Phys. Lett. 168,
529 (1990).
[40] T. P. Mayer Alegre, C. Santori, G. Medeiros-Ribeiro, and
R. G. Beausoleil, Phys. Rev. B 76, 165205 (2007).
[41] P. London, P. Balasubramanian, B. Naydenov, L. P.
McGuinness, and F. Jelezko, Phys. Rev. A 90, 012302
(2014).
[42] V. Jacques, P. Neumann, J. Beck, M. Markham, D.
Twitchen, J. Meijer, F. Kaiser, G. Balasubramanian, F.
Jelezko, and J. Wrachtrup, Phys. Rev. Lett. 102, 057403
(2009).
[43] B. Smeltzer, J. McIntyre, and L. Childress, Phys. Rev.
A 80, 050302 (2009).
[44] B. K. Ofori-Okai, S. Pezzagna, K. Chang, M. Loretz, R.
Schirhagl, Y. Tao, B. A. Moores, K. Groot-Berning, J.
Meijer, C. L. Degen, Phys. Rev. B 86, 081406(R) (2012).
[45] See Supplemental Material for the details of calculation,
which includes Refs.[1–5].
[46] C. Moler and C. V. Loan, SIAM Rev. 45, 3 (2003).
[47] F. Cintolesi, T. Ritz, C. W. M. Kay, C. R. Timmel, and
P. J. Hore, Chem. Phys. 294, 385 (2003).
[48] E. M. Gauger, E. Rieper, J. J. L. Morton, S. C. Benjamin,
and V. Vedral, Phys. Rev. Lett. 106, 040503 (2011).
[49] L. Jiang, J. S. Hodges, J. R. Maze, P. Maurer, J. M.
Taylor, D. G. Cory, P. R. Hemmer, R. L. Walsworth, A.
Yacoby, A. S. Zibrov, and M. D. Lukin, Science 326, 267
(2009).
[50] P. Neumann, J. Beck, M. Steiner, F. Rempp, H. Fedder,
P. R. Hemmer, J. Wrachtrup, and F. Jelezko, Science 329,
542 (2010).
[51] F. Cintolesi, T. Ritz, C. W. M. Kay, C. R. Timmel, and
P. J. Hore, Chem. Phys. 294, 385 (2003).
[52] D. J. Wineland et al., Phys. Rev. A 46, R6797 (1992).
[53] M. Kim, H. J. Mamin, M. H. Sherwood, K. Ohno, D.
D. Awschalom, D. Rugar, Phys. Rev. Lett. 115, 087602
(2015).
[54] Bryan A. Myers, Amila Ariyaratne, Ania C. Bleszynski
Jayich, arXiv: 1607.02553.
[55] P. J. Hore and H. Mouritsen, Annu. Rev. Biophys. 45,
299 (2016).
7SUPPLEMENTARY INFORMATION
Magnetic effect on the effective charge recombination rate.— We adopt the Krylov Space Methods [1] to numerically
solve the master equations (4) and (12) in the main text. Without loss of generality, we only consider the nucleus
H6 with the dominant anisotropic hyperfine in the FH•− radical [2]. Besides all the parameters shown in the main
text, the specific hyperfine parameters between the radical and the nucleus H6 are shown in Table I [2]. To estimate
the magnetic field effect on the radical pair reaction, we simulate the effective charge recombination rate keff as a
function of the direction of the geomagnetic field, denoted by θ and ϕ, with different singlet and triplet reaction rates
ks and kt. As shown in Fig.S1, the result shows about 10% change in the effective charge recombination rate when
a geomagnetic field changes its orientation with respect to the radical pair molecule, which agrees with the working
principle of a radical pair mechanism based chemical compass.
Nucleus Aii Principal hyperfine axes
H6 -0.218 -0.0362 0.2937 0.9552
-0.202 0.7948 0.5879 -0.1507
-0.054 -0.6059 0.7537 -0.2546
Table I. The principal values of the hyperfine tensor Aii (i = 1 to 3) and the principal hyperfine axes for nucleus H
6 [2]. All
hyperfine coupling parameters are in the unit of mT.
Figure S1. The effective charge recombination rate keff as a function of the direction angles (θ, ϕ) of the geomagnetic field. The
parameters used here are B0 = 0.05 mT, ks = 0.02 MHz and kt = 0.2 MHz.
Analytical solution of quantum master equation.— The analytical form of the signal of the NV center spin sensor,
which is shown as Eq.(9) in the main text, can be derived from the master equation [Eq.(4) in the main text]
ρ˙ = −i [H, ρ] + ks
2
{
2LsρL
†
s − L†sLsρ− ρL†sLs
}
+
kt
2
∑
i=t0,t±
{
2LiρL
†
i − L†iLiρ− ρL†iLi
}
. (S.1)
We first express the above master equation in the charge separated and recombined state subspace, namely |E〉 =
(1, 0)†, |G〉 = (0, 1)†, as follows
(
ρ˙11 ρ˙12
ρ˙21 ρ˙22
)
= −i
(
[HE , ρ11] HEρ12 − ρ12HG
HGρ21 − ρ21HE [HG, ρ22]
)
+
( −kρ11 −k2ρ12
−k2ρ21 k
∑
u=s,t0,t± luρ11lu
)
, (S.2)
8where lu = |u〉 〈u|, and
∑
u=s,t0,t± lu = I has been used. After tracing out the degrees of freedom of the radical pair
in ρ11 and ρ22, we obtain [Eq.(6) in the main text]{
ρ˙E = −i[HE , ρE ]− kρE
ρ˙G = −i[HG, ρG] + kρE . (S.3)
Assuming geµBB0  D, θ = pi2 and given the initial state ρE(0) = |1〉 〈1|, we get the following result as
PE(t) = Tr [ρE(t) |1〉 〈1|] ' 1 + cos(Ωt)
2
e−kt. (S.4)
One can verify that [HG, ρG]11 ' 0, so under the condition k  k⊥E⊥, we can obtain
PG(t) ' k
∫ t
0
PE(τ)dτ ' 1− e
−kt
2
, (S.5)
which in turn allows us to get the result for the signal of the NV center spin sensor [Eq.(9) in the main text] as follows
P (t) = PE(t) + PG(t) ' 1 + cos(Ωt)e
−kt
2
. (S.6)
The shot-noise limited measurement sensitivity is thus given by
η(T ) '
∣∣∣∣∣ekT sec(ΩT )
√
1− e−2kT cos2(ΩT )√
T
∣∣∣∣∣ , (S.7)
which agrees well with the exact numerical result as shown in Fig.2(b) in the main text.
Dephasing effect on the measurement sensitivity.— An NV center spin in diamond suffers from dephasing noise due
to the environment, e.g. nuclear spins or other impurities. The dynamics of the total system can be described by the
following master equation [Eq.(11) in the main text]
ρ˙ = right-hand side of Eq.(S.1)
+γ
{
SzρSz − 1
2
SzSzρ− 1
2
ρSzSz
}
. (S.8)
Using similar techniques as above we can get{
ρ˙E = −i[HE , ρE ]− kρE + γD(ρE , Sz)
ρ˙G = −i[HG, ρG] + kρE + γD(ρG, Sz) , (S.9)
where D(ρ, Sz) = SzρSz − 12 {SzSzρ− ρSzSz}. For θ = pi/2 and geµBB0  D, we find the solution of ρE as follows
ρE =
{
1
2
+
e−γt
2
[
cos(Ωt) +
γ
Ω
sin(Ωt)
]}
e−kt, (S.10)
where Ω =
√
(2k⊥E⊥)2 − γ2. Under the condition that γ  k⊥E⊥, we have
PE(t) ' 1 + e
−γt cos(Ωt)
2
e−kt. (S.11)
In addition, one can also verify that [HG, ρG]11 ' 0, [D(ρG, Sz)]11 = 0, therefore we get
PG(t) ' k
∫ t
0
PE(τ)dτ ' 1− e
−kt
2
. (S.12)
which leads to [Eq.(12) in the main text]
P (t) = PE(t) + PG1 (t) '
1 + cos(Ωt)e−(k+γ)t
2
. (S.13)
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Figure S2. The sensitivity for the measurement of the charge recombination rate k as a function of the interrogation time T .
The best achievable sensitivity is estimated to be ηop = 1.17 kHz Hz
− 1
2 with T = 0.46µs. The parameters are B0 = 0.05 mT,
θ = pi
2
, ϕ = 2.0, γ = 0.5 MHz and k = keff = 0.1425 MHz.
The shot-noise limited measurement sensitivity is thus given by
η(T ) '
∣∣∣∣∣e(γ+k)T sec(ΩT )
√
1− e−2(γ+k)T cos2(ΩT )√
T
∣∣∣∣∣ . (S.14)
The exact result of the measurement sensitivity from numerical simulation is shown in Fig.S2. The result is similar
to that in Fig.2(b) in the main text, although the sensitivity is slightly worse as Fig.2(b) takes account of dephasing.
In Fig.S3, we also verify that the dephasing will not influence the fitted value of the effective charge recombination rate.
For the more general case when γ  k⊥E⊥ is not satisfied, the solution in Eq.(S.11) becomes as
PE(t) ' 1 + e
−γtC cos(Ωt− α)
2
e−kt. (S.15)
where C =
√
1 + (γ/Ω)
2
and α is defined by cosα = Ω/
√
Ω2 + γ2. Therefore, the signal of the NV center spin sensor
P (t) can be obtained from
P (t) = PE(t) + k
∫ t
0
PE(τ)dτ (S.16)
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Figure S3. (Color online) The probability that the radical pair are in state |E〉 (a) and the NV center spin sensor is in state |1〉
(b) as a function of evolution time t. The green lines are the results using the effective charge recombination rate keff, while
the purple dashed lines are that of ks and kt. The parameters are B0 = 0.05 mT, θ =
pi
2
, ϕ = 2.0, ks = 0.02 MHz, kt = 0.2
MHz, γ = 0.5 MHz and k = keff = 0.1425 MHz.
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The influence of spin relaxation of the radical pair.— In the section, we estimate the effect of spin relaxation
processes of the radical pair. Here, following Ref. [3], we describe the spin relaxation processes by a standard
Lindblad formalism as
ρ˙ = right-hand side of Eq.(S.1)
+
Γ
2
∑
i
{
2LiρL
†
i − L†iLiρ− ρL†iLi
}
. (S.17)
where the noise operators Li are σx, σy, σz for each electron spin individually and for simplicity we use the same Γ
for all of them. The simulation results are shown in Fig.S4. With the spin relaxation, the best sensitivity is slightly
changed, however the angular sensitivity of the radical pair is indeed degraded. Therefore, if the relaxation is much
faster, the detection of the radical pair reaction with the NV center spin sensor still works, but it becomes difficult
for the NV center to detect the magnetic field’s anisotropic effect on the radical pair, which itself is very small.
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Figure S4. (Color online) The influence of spin relaxation on quantum sensing of single-molecule radical pair reaction of
Flavin radical (FH•−) and tryptophan radical (W•+). (a) The effective charge recombination rate keff as a function of the
direction angle ϕ when θ = pi
2
(b) The sensitivity for the measurement of the charge recombination rate k as a function of
the interrogation time T . The best sensitivity ηop = 0.56 kHz Hz
− 1
2 is achieved with T = 0.46µs. (c) and (d) show the
probabilities that the radical pair remains in the charge separated state |E〉 and the NV center is in the state |1〉 respectively
as a function of the evolution time t. The Green lines are the results of ks = kt = keff, the purple dashed lines are that of ks
and kt with different values. The spin relaxation rate is Γ = 0.1 MHz, and the other parameters are the same as those of Fig.2
in the main text.
The influence of the dipolar spin-spin coupling between the radical pair and the NV center.— In this section, the
influence of the dipolar spin-spin coupling between the radical pair and the NV centre is carefully estimated for
different values of the depth of NV center. As shown in Fig.S5, for the conditions that we assume in the main text,
the influence is smaller than 5% and drops rapidly with the increase of the NV center depth.
6 8 10 12 14
-0.01
0.00
0.01
0.02
0.03
0.04
d1(nm)
E
R
Figure S5. (Color online) Relative change (ER) of the effective charge recombination rate keff taking into account the dipolar
spin-spin coupling between the radical pair and the NV center as a function of the depth of the NV center. The parameters
used here are the same as those of Fig.2 in the main text except that the depth of the NV center d1 is variable.
Calculation of the electric field.— The electric field generated by the radical pair is calculated according to the
structure as shown in Fig.S6. The radical pair are located on the medium interface of the air and the diamond
crystal, whose relative permittivities are r1 and r2 respectively. As an example, we assume that the radical pair is
d2 = 2 nm apart with a horizontal distance about d3 = 4 nm to the NV center, and the depth of the NV center is
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d1 = 5 nm. The electric field is calculated by the method of electrical images as
~E =
q~ˆr+
4pi0r2+
(
2
r1 + r2
)
− q~ˆr−
4pi0r2−
(
2
r1 + r2
)
(S.18)
where q is charge magnitude of the electron, 0 is the vacuum permittivity, r+ (r−) is the distance between the NV
Figure S6. (Color online) The structure scheme used for the calculation of the electric field acting on he NV center. The green
arrow indicates the NV axis. The radical pair with a distance of d2 between two radicals is located on the diamond crystal
surface with a horizontal distance of d3 from the NV center, and the depth of the NV center is d1.
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Figure S7. (Color online) The transverse electric field as a function of the permittivity of the medium r1.
center and the positive (negative) charge, ~ˆr+ (~ˆr−) is the unit vector from the positive (negative) charge to the NV
center. In our scheme, the main effect of the electric field comes from its component (E⊥) along the direction that is
in perpendicular to the NV axis which connects the nitrogen atom and the vacancy site, accounting for the relative
permittivity of diamond (r2 = 5.7) and air (r1 = 1.0), the calculated transverse electric field is E⊥ = 3.15 MV/m,
which is used in our paper.
Decoupling pulses.— In the absence of decoupling pulses, the evolution of the NV center is U0 = e
−iHτ , where H
is either HNV or HNV |E=0. The effect of the transverse component of the magnetic field (included in H as γBxSx,
γBySy) can be eliminated to the second order of τ , where τ denotes the time interval between pulses, by the controlled
evolution as follows
U = U0UzU0U0UzU0
= U0 (UzU0Uz) (UzU0Uz)U0
= e−i4τ[HΩ+O(τ
2)]
where Uz = |1〉 〈1| − |0〉 〈0|+ |−1〉 〈−1|, HΩ = (D + k‖Ez)(S2z − 2/3)− k⊥Ex(S2x − S2y) + k⊥Ey(SxSy + SySx).
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Radical pair with different nuclei.— In the main text, we choose H6 as the unique hyperfine interaction for the
simplicity of calculation. Of course, the realistic model shall include multi nuclear spins, which inevitably requires
very large computing resource. Usually the number and specie of the nuclear spins in the radical pair will affect the
change of the effective charge recombination rate in response to the external magnetic field, but the best achievable
sensitivity for the measurement of the effective recombination rate using the NV center spin sensor is slightly affected.
We show the results with the choice of different nucleus in Fig.S8(a-d) (H5) and Fig.S8(e-h) (N5), which agree well
with our arguments.
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Figure S8. (Color online) Quantum sensing of single-molecule radical pair reaction of Flavin radical (FH•−) and tryptophan
radical (W•+). (a-d) are the results when including H5 in FH•−, (e-h) are the ones when including N5 in FH•−. (a) and
(e): The effective charge recombination rate keff as a function of the direction angle ϕ of the magnetic field when θ =
pi
2
. (b)
and (f): The sensitivity for the measurement of the charge recombination rate k as a function of the interrogation time T . The
best sensitivity ηop = 0.563 kHz Hz
− 1
2 is achieved with T = 0.46µs in (b), the results of (f) are ηop = 0.436 kHz Hz
− 1
2 and
T = 0.46µs. (c)(g) and (d)(h) show the probabilities that the radical pair remains in the charge separated state |E〉 and the
NV center is in the state |1〉 respectively as a function of the evolution time t. The Green lines are the results of ks = kt = keff,
the purple dashed lines are that of ks and kt with different values. The other parameters are the same with Fig.2 in the main
text.
The measurement trajectory of single-molecule detection.—For single-molecule detection, the radical is either present
or absent, so the electric field experienced by the NV center would drop to zero after the radical pair has recombined.
This kind of processes are showed in Fig.S9 (a) and (b), when the electric field disappears, the Rabi oscillation
(Pr(t) = (1 + cos(Ωt))/2) stops. In addition, when an individual radical pair is formed the nuclear spins coupled
with the radical pair has a specific nuclear spin configuration, the average of which over a large number of detections
corresponds to a thermal equilibrium nuclear spin state. In the present scheme, it requires to determine the state
probability of the NV center spin sensor, it is possible to achieve this using a technique called single-shot readout [4, 5],
which facilitates the measurement of single-molecule detection. Here we show how the average of such single-molecule
detection data leads to the ensemble average result that is the same as Fig.2 in the main text. In a single-molecule
detection, the probability density that the electric field disappear at time t is ke−kt, where k is the effective charge
recombination rate. If the measurement occurs before t, we will get Pr(x) (e.g. Fig.S9 (a), where x is the measurement
time), otherwise the result is Pr(t) (e.g. Fig.S9 (b)). So taking into account a random nuclear spin configuration, the
probability that NV center is in state |1〉 at time x can be calculated as
P (x) =
1
2
(∫ x
0
Pr(t)k1e
−k1tdt+ Pr(x)
∫ ∞
x
k1e
−k1tdt
)
+
1
2
(∫ x
0
Pr(t)k2e
−k2tdt+ Pr(x)
∫ ∞
x
k2e
−k2tdt
)
(S.19)
' k
∫ x
0
Pr(t)e
−ktdt+ Pr(x)e−kx (S.20)
where k1 and k2 are the effective charge recombination rates corresponding to different nuclear spin configurations.
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This equation can recover the result of equation(S.6), so as showed in Fig.S9 (c), if we repeat the detection for many
times, the average will converge to P (x).
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Figure S9. (Color online) Quantum sensing of single-molecule radical pair reaction of Flavin radical (FH•−) and tryptophan
radical (W•+) using the single-shot readout. (a) or (b) demonstrates two measurement trajectory of a single-molecule detection
process where the electric field disappears at t1 (t1 > tm) or t2 (t2 < tm), the two orange lines indicates that the measurements
occur at tm = 0.7µs, the probabilities of these two kinds of events are
∫ tm
0
ke−ktdt = 0.095 and
∫ tm
0
ke−ktdt = 0.905 respectively.
(c) shows the signal Psingle for Rabi oscillation measurements from the mth single-molecule detection event. Each data
point represents is a simulation by N = 500 repetitions in a one-time single-shot readout. The error bars are calculated as√
(Pr(τ)− Pr(τ)2) /N , where τ = tm or t, depending on if t > tm or not. The parameters are the same with Fig.2 in the main
text.
Achievable sensitivities for larger NV-molecule distances.— In practice, radical pair which is sitting inside a molecule
may have a larger distance from the NV center. To estimate the effect of the NV-molecule distance on the measurement
sensitivity, in Fig.S10 we show the estimated achievable sensitivities and the corresponding optimal measurement times
for larger NV-molecule distances. The sensitivity becomes worse as the distance increases, the change of which is
however not very significant for the distance below 10nm, although the measurement time becomes larger as the
distance increases. This would thus require a longer coherence time of the NV center spin.
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Figure S10. (Color online) The estimated achievable sensitivities as a function of the NV-molecule distance. The other
parameters are the same with Fig.2 in the main text.
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